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a  b  s  t  r  a  c  t
Shape-controlled  synthesis  of  noble  metal  nanoparticles  and  their  impact  on  the photocatalytic  activity  of
semiconductor  oxides  is  continuously  gaining  more  and  more  attention.  Hence,  commercial  titania-based
TiO2-Pd  nanocomposites  were  synthetized  and  characterized,  using  spherical  and  cubical Pd  nanopar-
ticles.  The  obtained  photocatalysts  were  analyzed  using  optical  (DRS)  as  well  as  morphological  and
structural  (XRD,  HR-TEM)  methods  in order  to understand  their  properties.  The effects  of the  Pd nanopar-
ticles’  shape  on different  commercial  titania-based  catalysts  were  highlighted  in terms  of photocatalytic
efﬁciencies  toward  model  organic  pollutants  (phenol  and oxalic  acid),  evolution  of reaction  intermedi-
ates  (hydroquinone,  pyrocatechol  and  resorcinol)  and  photocatalytic  H2 production.  It was  found  thategradation intermediates
hape controlling
anocomposites
both  geometries  (spherical,  cubic)  can  enhance  the  activity  of the base  photocatalyst,  although  each
Pd  morphology  modiﬁed  the  ratio  of the  primary  degradation  intermediates.  Moreover,  the  photocat-
alytic  hydrogen  production  of the  spherical  nanoparticles  proved  to  be  more  efﬁcient  as  the  cubic  ones.
The  observed  activity  differences  were  attributed  to a possible  change  in the  electron-transfer  process,
induced  by the  different  Pd  morphologies.
©  2016  Elsevier  B.V.  All  rights  reserved.. Introduction
The heterogeneous photocatalysis based water treatment
ethods have recently shown great promise [1–3]. By the irradi-
tion with light/energy of an aqueous photocatalyst suspension,
lectron-hole pairs are generated and involved in a succession of
edox processes. Large number of semiconductor-photocatalysts
ave been already reported; from the most studied titanium diox-
de [4,5] to other materials with potential photocatalytic properties,
ike tungsten trioxide [6,7], zinc oxide [8], tin dioxide [9] and cop-Please cite this article in press as: Sz. Fodor, et al., Shape tailored Pd n
TiO2, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.11.0
er (II) oxide [10]. Titanium dioxide is the most frequently used
emiconductor photocatalyst because of its several beneﬁcial prop-
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920-5861/© 2016 Elsevier B.V. All rights reserved.erties: physical and chemical stability, non-toxicity, safety, low
cost, and resistance to photocorrosion.
In order to maximize the lifetime of the photogenerated charges,
various approaches can be considered: deposition of noble met-
als [11], doping with transition metals/noble metals [12], creating
composites with other semiconductors [13] and using of carbon
nanomaterials [14]. It is already known that the ﬁrst above men-
tioned approach can enhance the photocatalytic activity because
the recombination of the electron-hole pairs is lowered as a result
of the transfer of photogenerated electrons from the semiconduc-
tor oxide to the noble metal nanoparticle. Recently, the studies
involving noble metal nanoparticles’ application in photocataly-
sis have been focused not just on the nanoparticle content and
the size of deposited noble-metal [15], but also on their shape
[16]. The geometry of the nanoparticles can be controlled in a
reproducible way  by controlling the temperature [17] or by usinganoparticles’ effect on the photocatalytic activity of commercial
11
different shape controlling agents [18]. Nevertheless, the geometry
of the nanoparticles can have an important effect on the photo-
catalytic efﬁciency and hydrogen production of the catalyst [19].























































substrate (phenol − 0.5 mM and oxalic acid − 5 mM)  and the phe-
nol’s primary degradation intermediates were followed using an
Agilent 1100 series HPLC system (instrumental and intermediateARTICLEATTOD-10446; No. of Pages 9
 Sz. Fodor et al. / Catalys
tudied, but palladium has recently gained much interest including
n organic chemistry as (co)catalyst [20,21], in adsorbent mate-
ials [22] and in graphene-based composites, used as biosensing
aterial [23] or in photocatalysis [24].
The other aspect that cannot be omitted when we  are “pursuing”
o obtain highly active photocatalysts is the intermediates’ con-
entration proﬁle during the photodegradation process. It is well
nown that phenol and phenolic compounds are one of the most
ollutant class of organic materials. Their photodegradation can
e quasi-successful, but often the reaction-intermediates occurring
he process are not followed. This aspect can be really impor-
ant, if we are planning a photocatalytic system for “real life”,
ecause some of these phenol intermediates (hydroquinone, pyro-
atechol and resorcinol) are in category 1 or 2 carcinogenic risk
nd toxicity (according to Regulation (EC) No 1272/2008 [EU-GHS-
LP]), some of them having even lower LD50 values (hydroquinone
 320 mg  kg−1, pyrocatechol − 301 mg  kg−1 and 260 mg  kg−1 for
esorcinol) than the phenol itself (317 mg  kg−1) [25,26].
Taking into account the above mentioned aspects the authors
imed to uncover the effect of the Pd nanoparticles’ shape on the
hotocatalytic efﬁciency of commercial titanias and on the ratio of
ifferent primary degradation intermediates.
. Experimental section
.1. Synthesis of palladium nanoparticles
.1.1. Materials
PdCl2 (Merck, 59 % Pd), HCl (Nordic Invest, 99 %,), L-Ascorbic acid
Sigma-Aldrich, 99 %), cetyltrimethylammonium bromide − CTAB,
risodium citrate (ACS reagent grade, 99 %), NaBH4 (purum, 96%),
thanol (99.8 % reagent grade) and acetone (99.9 %) were purchased
nd used without further puriﬁcation.
Three reference photocatalysts were purchased and applied
s received: Aldrich anatase (AA) and Aldrich rutile (AR) from
igma–Aldrich, while Evonik Aeroxide P25 (P25) from Evonik
ndustries.
.1.2. Preparation of H2PdCl4 precursor solution
To obtain the palladium precursor solution, 0.1773 g PdCl2 was
issolved in 10 mL  of 0.2 M HCl solution and it was further diluted
ith distilled water until 100 mL  total volume was achieved. With
his method 10 mM H2PdCl4 solution was prepared. The amount of
he water was 50 mL  when 20 mM H2PdCl4 solution was  prepared.
.1.3. Preparation of Pd cubic nanoparticles
To obtain the Pd nanocubes 0.5 mL  of 10 mM H2PdCl4 precursor
olution was added to 9.42 mL  12.5 mM of CTAB aqueous solution.
his was further heated to 65 ◦C or 95 ◦C under stirring. After 5 min,
0 L of freshly prepared 100 mM ascorbic acid aqueous solution
as added, and the reaction was allowed to proceed for 20 min.
he Pd nanoparticles were separated by centrifugation (16000 rpm,
 min) and washed twice with acetone. Then the cubic Pd particles
ere redispersed in ethanol and stored at 25 ◦C for future use. The
amples containing these nanoparticles were marked with: Pd (c).
.1.4. Preparation of Pd spherical nanoparticles
43 mL  of ultrapure water was measured into a vessel, followed
y the addition of 6.3 mL  5 mM solution of trisodium citrate. After
0 min, 0.625 mL  20 mM H2PdCl4 solution was added and the mix-
ure was stirred at room temperature for another 30 min. The lastPlease cite this article in press as: Sz. Fodor, et al., Shape tailored Pd n
TiO2, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.11.0
tep in this synthesis was the reduction procedure by the addition
f 1 mL  0.15 M NaBH4. The reaction mixture was stirred for 1 h to
liminate the by-products and the unreacted NaBH4. The obtained
alladium nanoparticles were collected, washed and redispersed as PRESS
ay xxx (2016) xxx–xxx
in case of the Pd nanocubes. The samples containing these nanopar-
ticles were marked with: Pd (s).
2.2. Synthesis of the nanocomposites
In a reaction vessel commercial titania was suspended in 400 mL
ultrapure water and sonicated for 15 min. After this the necessary
quantity of Pd suspension was added to the dispersion (the ratio
was calculated to be 1 wt% Pd in the composites) under vigorous
stirring. Then 5 min  of ultrasonic homogenization was applied fol-
lowed by 60 min  of intensive stirring. The resulted suspension was
dried at 80 ◦C for 24 h. The resulted powders were washed with
ultrapure water three times (4400 rpm, 10 min) and dried again
at 80 ◦C for 24 h. To be certain that all the nanoparticles were
deposited, the supernatant (after centrifugation) of the compos-
ite suspensions were analyzed spectrophotometrically. No sign of
either nanoparticles or the Pd precursor was  found. In order to
verify that all the Pd was  reduced to 0 oxidation state, spectropho-
tometric means1 (disappearance of the H2PdCl4 brownish color)
and XPS1 (detection of Pd2+ and Pd0) was  applied, and it was found
that in each case the reduction process was complete. The samples
were named as follows: the abbreviation of the base photocata-
lyst + abbreviation of the different type of Pd nanoparticles (e.g.
AA-Pd(s)).
2.3. Methods and instrumentation
2.3.1. Characterization methods
X-ray diffraction (XRD) measurements were performed on a Shi-
madzu 6000 diffractometer using Cu K radiation ( = 1.5406 Å)
equipped with a graphite monochromator. The anatase-rutile
phase ratio in TiO2 was  evaluated by the method used by Ban-
ﬁeld [27], and the crystallites’ average size was  calculated using
the Scherrer equation.
A JASCO-V650 spectrophotometer with an integration sphere
(ILV-724) was used for measuring the DRS (diffuse reﬂectance spec-
troscopy) spectra of the samples ( = 300–800 nm). To obtain the
band-gap energy the reﬂectance data were converted to F(R) values
according to the Kubelka–Munk theory. The band gap was obtained
from the plot of [F(R)·E]1/2 versus energy of the exciting light (E).
TEM/HRTEM micrographs were obtained with a FEI Tecnai F20
ﬁeld emission high-resolution transmission electron microscope
operating at an accelerating voltage of 200 kV and equipped with
an Eagle 4k CCD camera.
2.3.2. Evaluation of photocatalytic efﬁciencies
To measure the photocatalytic activities (both for phenol and
oxalic acid degradation), a photoreactor system was used con-
taining 6 × 6 W ﬂuorescent lamps ( emission.max ≈ 365 nm). A Pyrex
glass reactor (100 mL, irradiated in a hexagonal display, irradiation
distance from each lamp = 8 cm) thermostated at 25 ◦C was applied,
while the suspension (1 g L−1) was continuously purged with air in
order to keep the dissolved oxygen concentration constant. Prior to
the degradation experiment, the dark adsorption/desorption equi-
librium was  achieved in 10 min  (the dark adsorption in each case
was <5 %). The duration of the measurements were 2 h, and the
samples were taken in every 10 min  in the ﬁrst hour, and in every
20 min  in the second hour. The concentration of the chosen organicanoparticles’ effect on the photocatalytic activity of commercial
11
detection details can be found in references [28,29]). The error of
1 Not shown in the present manuscript.
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eFig. 1. TEM micrographs of: Pd nanocubes obtained at different tempe
he performed photocatalytic experiments was ± 5 %, while no pho-
olysis (degradation experiment without a catalyst) of phenol and
xalic acid were detected. To quantify efﬁciently the intermediates’
volution the intermediate evolution index (IEI) was introduced,







Fint is the empirical intermediate concentration evolution func-
ion (vs. consumed phenol).
Cphendef is the quantity of phenol degraded in the case of the less
erforming catalyst.
.3.3. Photocatalytic hydrogen production
The hydrogen production experiments were carried out in a
yrex glass photoreactor which was thermostated at 25 ◦C and
ounted with 10 × 15 W UV ﬂuorescent lamps (max = 365 nm,
ightTech Kft., Budapest, Hungary). To avoid any unexpected
eactions the amount of silicone grease used to seal the glass pho-
oreactor was minimum [31]. For this experiments we used 50 mM
xalic acid as sacriﬁcial agent. The prepared catalyst was  suspended
ccatalyst = 1 g L−1) in the sacriﬁcial agent solution, while the sus-
ension was continuously purged with N2 (50 mL  min−1) to ensure
2-free conditions. The reactor was connected through a PTFE tube
o a Hewlett Packard 5890 gas chromatograph ﬁtted with a thermal
onductivity detector. The duration of the experiment was  2 h, the
amples (2 mL  of gas in the sample loop, isolated by a valve injec-
or at 25 ◦C from the 50 mL  min−1 stream) were taken every 10 min
n the ﬁrst hour of the experiment and every 20 min  in the second
our. The rate of H2 evolution was calculated considering the cal-
bration curve (carried out with certiﬁed 5 % H2:N2 gas mixture)Please cite this article in press as: Sz. Fodor, et al., Shape tailored Pd n
TiO2, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.11.0
nd the known N2 ﬂow rate. The total amount of hydrogen pro-
uced was estimated by integrating the area under the hydrogen
volution curve using Origin software. The error of the performed
xperiments was ±5%.s (a), P25-Pd(c) nanocomposite (b), and spherical Pd nanoparticles (c).
3. Results and discussion
3.1. Characterization of the palladium nanoparticles
Foremost, the shape and size of the palladium nanoparticles was
examined by TEM (Fig. 1). In the case of the cubic nanoparticles
(obtained at 65 ◦C and 95 ◦C), the shape controlling strategy proved
to be efﬁcient (90.05 % cubical nanoparticles, 9.95 % polyhedral
nanoparticles − statistics made by counting 200 nanoparticles).
However, the synthesis carried out at 65 ◦C resulted larger Pd
nanocubes (≈20 nm), but unfortunately, for photocatalytic appli-
cations low (<10 nm)  crystallite sizes are preferred in order to
achieve high activity [32]. The cube-shaped nanoparticles obtained
at 95 ◦C were much smaller (4–6 nm), and in the dimensional range
reported in the literature concerning the optimum size of the
noble metal crystal needed for improving the photocatalytic per-
formances [32]. The spherical Pd nanocrystallites were in the same
size range (3–5 nm)  as the Pd nanocubes obtained at 95 ◦C, therefore
both will be further used to prepare the nanocomposites.
3.2. Selection of the base commercial semiconductors and their
quality checking
To investigate the inﬂuence of the Pd nanoparticles’ geometry
on the photocatalytic activity, semiconductors with well-known
structural and morphological properties are needed. For this goal
Aldrich anatase (AA), Aldrich rutile (AR), and Evonik Aeroxide P25
(P25) could be perfect choice because their major properties were
already uncovered: including surface quality, crystallinity-related
issues, and synergism of anatase and rutile phases [33].
To verify the crystal phase composition and particle size of the
base semiconductors X-ray diffraction measurements were carried
out (Fig. 1S). Aldrich anatase (AA) contained only anatase (max.anoparticles’ effect on the photocatalytic activity of commercial
11
100 nm), Aldrich rutile (AR) contained mainly rutile (≈310 nm) and
a small amount of anatase (4 wt.%), while the Evonik Aeroxide P25
(P25) contained both anatase (89 wt.% − 25 nm)  and rutile (11 wt.%
−40 nm).
ARTICLE IN PRESSG ModelCATTOD-10446; No. of Pages 9







































sFig. 2. Photographs of the P25 sample series (a) and the DRS spe
.3. Characterization of the TiO2–Pt nanocomposites
.3.1. Optical properties of the TiO2–Pt nanocomposites
One of the ﬁrst aspects that needed to be investigated was
he optical properties of the composites. The ﬁrst and simplest
pproach was to observe the color of the obtained nanomaterials
Fig. 2a). As it can be seen, just by changing the Pd nanoparticles’
hape from the spherical to cubic, a clear color modiﬁcation from
ight- to darker grey occurred (while the base photocatalysts were
hite). The phenomenon of light absorption change induced by
hape-tailoring is known, for example in the case of {001} facet
ominated titania [34], hence changes in the band-gap of the com-
osites was expected.
Analyzing the reﬂectance spectra of the nanomaterials one
emarks that the shift to darker color was more accentuated for
25-based catalysts, while the differences were less visible for AA
nd AR-based composites (Fig. 2b). The highest band-gap energy
hange (Table 1) was determined for P25 and its composites:
 lowering with more than 0.45 eV for P25-Pd(c) catalyst, and
ith 0.12 eV for P25-Pd(s). The changes were less pronounced
or the commercial catalysts with pure crystalline phases, i.e. AA-
ased materials, the values being in this case lowered with 0.05
nd 0.14 eV for AA-Pd(c) and P25-Pd(s), respectively. It is worth
entioning that this behavior was even less accentuated for AR-
ased materials (AR-Pd(s) − 2.88 eV), while interestingly AR-Pd(c)
howed a higher band-gap energy value than the commercial one
2.91 eV − AR vs. 2.98 eV − AR-Pd(c)). The changes in the optical
roperties of Pd(c) and Pd(s) containing composites resides in the
ature of the contact between the Pd and TiO2. If we consider AA
nd AR based composites the optical changes induced by Pd depo-
ition was nearly inexistent or small. This can be attributed to the
igh Pd nanoparticle/TiO2 nanoparticle ratio (originating from the
ery low speciﬁc surface area of AA and AR). More precisely, as
he TiO2/Pd contact number is high the electrons are most prob-
bly transferred from TiO2 to Pd. When P25 was used as the base
hotocatalyst the Pd nanoparticle/TiO2 nanoparticle ratio was low,
herefore any small difference in the electron transfer pathwayPlease cite this article in press as: Sz. Fodor, et al., Shape tailored Pd n
TiO2, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.11.0
hould be visible. This issue was noticed clearly when Pd(c) or Pd(s)
as deposited on P25. In the case of Pd(s) the electron transfer is
ast as high indexed crystallographic planes (which are forming the
phere) enhance this process. In the case of Pd(c) the cubes’ exposedf the obtained nanocomposites and the bare photocatalysts (b).
facets are from the {001} family of planes which is limitative in the
mentioned process [19].
3.4. The photocatalytic activity of the obtained nanocomposites
3.4.1. The photodegradation of phenol
Following the photodegradation experiments performed with
the composites, the obtained degradation curves were evaluated
(Fig. 3). It is well-known that Evonik Aeroxide P25 is a versatile and
quite efﬁcient photocatalytic material [35]. When the palladium
nanoparticles were deposited on the surface of the P25 the activity
of the modiﬁed nanocomposites were not improved [19] (degraded
phenol values: 72 % − P25-Pd(s) and 66 % − P25-Pd(c) vs. 87 % −
P25), but in the case of AA it was observed that both spherical and
polyhedral palladium nanoparticles improved the phenol decom-
position efﬁciency (AA-Pd(s)-98 %, AA-Pd(c)-90 % vs. AA − 63 %).
These results were superior to the performance of bare P25. The
performance of the bare AR was  41 % of removed phenol, but using
Pd nanoparticles the efﬁciency was raised to 75 % (AR-Pd(s)), and
71%-AR-Pd(c) of removed phenol. The comparative efﬁciency was
illustrated in Fig. 4.
As it can be seen in the case of P25 based composites, the
presence of Pd was detrimental when phenol degradation was
examined. A possible explanation could be that by the deposition
of noble metals increases the hydrophylicity of the catalyst [36]. If
this is the case, the adsorption of the water soluble intermediates
could be facilitated. Pyrocatechol was among the main degrada-
tion intermediates and an enhanced adsorption on the catalyst
surface could be imagined (ortho situated OH-groups). This results
in further intermediate accumulation (conﬁrmed in Section 3.4.3)
and lower activities. In the case of AA and AR based composites
the above mentioned scenario is not valid as the speciﬁc surface
area of these materials was  too small, therefore the activity will be
enhanced. The enhanced activity of Pd(s) compared to Pd(c) will be
discussed in Section 3.4.4.
3.4.2. The photodegradation of oxalic acidanoparticles’ effect on the photocatalytic activity of commercial
11
The efﬁciency of the oxalic acid photodegradation was  improved
by Pd, similarly when other noble metals were used [37] on P25,
AA and AR. This could be due to the fact that oxalic acid is a very
efﬁcient hole scavenger [38]. The highest efﬁciency increase was
ARTICLE IN PRESSG ModelCATTOD-10446; No. of Pages 9
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Table  1
Photocatalytic performance (photocatalytic hydrogen production, degradation yield values of oxalic acid and phenol), intermediate evolution index values of the used
materials.
Sample Band gap (eV) Degradation yield (%) H2 (mL) IEI values (×10−6) for phenol
Phenol Oxalic acid HQ PY RES
P25 3.11 87 54 0 2210 993 351
P25-Pd(s) 2.99 72 100 28.56 4180 1700 1090
P25-Pd(c) 2.65 66 100 5.14 7590 79 911
AA  3.26 63 37 0 5240 6330 –
AA-Pd(s) 3.12 98 96 3.95 3390 4750 1320
AA-Pd(c) 3.21 90 69 1.78 15270 12950 141
AR  2.91 41 54 0 5390 5200 12
AR-Pd(s) 2.88 75 99 16.94 669 1570 1350




























































oFig. 4. The phenol and oxalic acid removal efﬁciencies for the different nPlease cite this article in press as: Sz. Fodor, et al., Shape tailored Pd n
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bserved in the case of P25 based photocatalysts (Fig. 5), where the
se of both Pd nanoparticle shapes resulted in the total degradation
f the oxalic acid in one hour (the differences between compositemposites (all the degradation yield values were summarized in Table 1).anoparticles’ effect on the photocatalytic activity of commercial
11
efﬁciency values were insigniﬁcant), while bare P25 removed only
54 % of oxalic acid until the end of experiment (2 h).
The obtained differences between Pd-based composites were
more pronounced for the catalysts which contained only one crys-
ARTICLE IN PRESSG ModelCATTOD-10446; No. of Pages 9













































iFig. 5. The photocatalytic activity of the nanocom
al phase (AA and AR): e.g. AR-Pd(s) degraded nearly all the oxalic
cid in ≈ 80 min. The AA-Pd(s) photocatalyst degraded 96 % of the
xalic acid in 2 h, while the AA-Pd(c) exhibited the lowest efﬁ-
acy between the nanocomposites, removing less than 70 % of the
odel pollutant, while AR-Pd(c) was more efﬁcient (total degrada-
ion in 100 min) than the bare AR (50 % of degraded oxalic acid). The
hotocatalytic performances for the removal of oxalic acid were
ummarized in Fig. 4.
As it was discussed above it can be observed that the presence
f Pd enhanced the activity of both AA and AR for oxalic acid and
henol degradation. However, a major difference was observed in
he case of P25. The P25 based Pd containing composites enhanced
he degradation of oxalic acid, because of a double charge trapping
echanism. Oxalic acid is a known hole scavenger [11,19,29] due to
he high adsorption afﬁnity towards the surface of TiO2, while the
d separates the electron from the TiO2 nanoparticle. This double
harge transfer mechanism is not valid, when phenol is degraded
y P25, as the primary degradation products (discussed in Section
.4.3) tend to adsorb and form surface complexes, hindering the
egradation of phenol, raising the amount of hydroxylated prod-
cts, while all the •OH radicals generated and the formed holes are
onsumed by these products and not by phenol. This barrier is not
resent when using AA and AR which possess a low speciﬁc surface
rea with a high number of TiO2/Pd contacts.
.4.3. Evaluation of primary intermediates of the phenol
hotodegradation
Another aspect of the present work was the assessment of the
ntermediates of the phenol photodegradation. The benzene-1,4-
iol (Hydroquinone-HQ), the benzene-1,2-diol (pyrocatechol-PY)
nd the benzene-1,3-diol (resorcinol-RES) were the three primary
ecomposition products of the phenol [39]. Because these com-
ounds have different toxicity levels, represented by the different
alues of LD50, it was important to compare the composites con-
idering the intermediates formation process. As it can be seen
rom Fig. 6 the Pd cube containing composite materials yielded
he highest amount of degradation intermediates (AA-Pd(c) > AR-
d(c) > P25-Pd(c)), while the lowest values were obtained for
R-Pd(s). The rest of the nanocomposites and the bare photocat-
lysts were performing between the mentioned limits. However,
hese results can be slightly misinterpreted, as only the absolute
uantities were taken in consideration, therefore a distribution of
ntermediates were calculated and compared. Although, interest-
ng correlations were found, the ﬁeld speciﬁc literature does notPlease cite this article in press as: Sz. Fodor, et al., Shape tailored Pd n
TiO2, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.11.0
ontain sufﬁcient data, to explain the formation mechanism.
Firstly, the results were grouped according to the base pho-
ocatalysts (Fig. 8). Thus, for P25 based composites the dominant
ntermediate was HQ. For AA and AR, PY and HQ were the major by-s in the degradation of oxalic acid under UV light.
product besides, while RES was less dominant in these cases, except
for AR-Pd(s). HQ is less toxic, while PY is highly toxic (Section 1).
Hence, this type of comparison shows that P25 based composites
should be applied if environmental applications are targeted. If the
intermediates’ relative distribution is further investigated (Fig. 7)
considering the geometry of the Pd nanoparticles it can be con-
cluded that cubic particles are the most favorable ones, as they
produce a lower amount of PY.
3.4.4. The photocatalytic H2 production and correlation with
oxalic acid degradation
As the sacriﬁcial agent in this process was oxalic acid, it was
expected, that the same trend, observed at the Section 3.4.3, will
be also valid in this case. However, surprising results emerged. All
the composites that contained Pd(c) showed very low efﬁciency
compared to those that contained Pd(s) (Fig. 8). This result was
also found in the case of Pt [19] and it was attributed to the elec-
tron transfer capabilities of the different exposed crystallographic
planes of spherical and cubic (polyhedral) nanoparticles. As cubes
contain dominant (001), (010), (100) facets, the electron transfer
is inhibited compared to the spherical particles that contained a
high amount of high indexed facets, which facilitates the electron
transfer [40]. This mechanism can be also valid in case of AA and
AR based composites in phenol degradation where the Pd(s) con-
taining composites were the most efﬁcient ones compared to Pd(c)
based composites.
This means that the H2 evolution rates (where the electron
transfer is slow towards the noble metal nanoparticle) will be low-
ered. However, cannot be excluded a possible formation of CO or
CH4 when Pd(c) was  used, because the formed CO2 can be con-
verted into the previously mentioned products [41]. Furthermore,
the observed H2 production efﬁciency ranking among the com-
posites coincided partially (the Pd(s) based composites were more
efﬁcient) with the results obtained in the degradation of oxalic acid.
A major difference was  found in the case P25-Pd(s) vs. P25-Pd(c),
where the oxalic acid degradation efﬁciencies were identical (100 %
in 2 h), while major differences were in their H2 production capac-
ity (28.56 mL  vs 5.14 mL  of H2 in 2 h). This makes even more likely
the formation of CO or CH4, which should be a follow-up of the
present work.
The other main observation is that both AA and AR are materi-
als with low speciﬁc surface area (8.2 m2 g−1 −AA and 3.1 m2 g−1
− AR) compared to P25 (50.0 m2 g−1). Despite of this, AA and AR
based Pt(s) containing nanocomposites were quite efﬁcient in H2anoparticles’ effect on the photocatalytic activity of commercial
11
production. This means that not only the speciﬁc surface area is a
determining factor, but also the number of Pd/TiO2 contacts (as a
high number of small sized Pd nanoparticles were deposited on the
large AA and AR crystals).
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Fig. 6. The primary photodegradation intermediates IEI number (all the IEI values were summarized in Table 1).
type o
tFig. 7. The primary photodegradation intermediates, grouped by the Please cite this article in press as: Sz. Fodor, et al., Shape tailored Pd n
TiO2, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.11.0
Also it should be noted that the reason for the sharp decrease of
he H2 evolution after the ﬁrst 30 min  could be attributed for thef the base photocatalysts and by the geometry of Pd nanocrystallites.anoparticles’ effect on the photocatalytic activity of commercial
11
extremely high local concentration (after the dark adsorption step)
of oxalic acid in the ﬁrst 10 min. After this step the light was  turned
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[ig. 8. The photocatalytic H2 production capacity of the obtained nanocomposit
ummarized in Table 1).
n and from this moment the hydrogen production was  very high.
fter achieving the surface equilibrium, the registered hydrogen
roduction values were lower and uniform. Using methanol, this
henomenon does not occur, due to the methanol’s lower afﬁnity
owards the surface of the catalysts [42].
. Conclusions
In the present work it was demonstrated that by adjusting the
eometry of Pd nanoparticles several major photocatalytic activity
elated aspects can change. It was shown that the optical proper-
ies differ if the geometry of the nanocrystal changes. It was proven
hat Pd(s) based nanocomposites were more efﬁcient in all the
hree photocatalytic experiments: hydrogen production, phenol
nd oxalic acid degradation. The Pd(c) based composites possessed
ower efﬁciency in the above listed tests, although these materi-
ls could yield CH4 and CO from different sources. The amount
f the degradation intermediates was the highest in the case of
d(c) containing composites, while the highest ratio of toxic inter-
ediates were provided by the Pd(s) based materials. The above
iscussed activity differences were attributed to the possible dif-
erence between the Pd nanoparticles’ electron afﬁnity, which is
iven by the exposed facets of the nanocrystals.
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